Outline of the talk
• Brief description of AdS/CFT.
-Why it can't be used directly to model QCD.
• What needs to be altered to get a viable model of QCD.
-And why one might worry!
• Description of a simple model of the low-energy chiral dynamics of QCD.
-Focus on spontaneous chiral symmetry breaking, driven by the chiral condensate.
• Getting the large N c limit and source/operator normalization right.
-How to match the model to QCD, and the challenges posed by scale-dependence.
• Conclusions and outlook.
What is the AdS/CFT conjecture? (Maldacena) • AdS/CFT (or gauge-gravity) correspondence is possibly the most important result of string theory so far.
-5000+ citations since 1997.
• Best-understood case is a conjectured duality between a N=4 SU(N c ) gauge theory (a CFT) in the large N c limit and a string theory on AdS 5 xS 5 .
-In the strong coupling limit of the CFT, the string theory reduces to classical supergravity.
• In this case, there's a well-understood dictionary between gauge theory quantities and classical gravity quantities.
• Duality well-understood only in strong-coupling limit for the CFT.
• Situation under control only in the large N c limit.
• Strong/weak duality: Can get information about stronglycoupled physics in a CFT by doing classical calculations in a higher-dimensional curved background.
The AdS/CFT dictionary -AdS 5 line element:
-CFT operators O are associated with fields in AdS 5 .
-The dictionary associates Lorentz p-form operators O of scaling dimension ∆ in the CFT with p-form bulk O fields with 5d mass -Operators associated with conserved currents are matched with 5d gauge fields, .
Choose units such that AdS curvature L=1.
Masses are in units of the curvature. (Witten, Gubser, Klebanov, Polyakov) The AdS/CFT dictionary The CFT 'lives' on the z = 0 boundary of AdS 5 .
-Supergravity partition function Z sg is identified with generating functional of CFT:
• z=0 boundary values of act as sources for the operators O : -Get CFT correlation functions by taking derivatives with respect to the sources . -When CFT is at strong coupling, can use saddle-point approximation on gravity side.
• Evaluate gravity action on classical solutions of field equations… -1/z is essentially the energy scale of CFT, so that physics near z=0 in the bulk is related to UV physics in the CFT.
AdS 5 Bulk
This is often called 'holography': 5D physics determines 4D behavior of a CFT.
Z=0
What about QCD?
• QCD is not a strongly-coupled CFT! Can't use AdS/CFT directly.
-QCD is approximately conformal and weakly coupled at high energies (asymptotic freedom), but not at low energies, where it is strongly interacting.
• Unmodified AdS background can't capture QCD dynamics, since unmodified AdS corresponds to having a boundary CFT.
-So what to do?
Holographic models of QCD
• In the top-down approach, one can try to build stringy constructions using D-branes that get closer to QCD.
-For instance, one can introduce fundamental flavors by taking a stack of N c D3 branes and adding probe D7 branes (Karch and Katz, JHEP 0206:043,2002. ), or using a D4-D8 brane system (Sakai and Sugimoto, Prog.Theor.Phys.113:843-882,2005. ).
• Bottom-up approach consists of guessing modified 5D backgrounds and field contents to model some large N c QCD dynamics.
-In stringy models, confinement on the field theory side looks like a cut-off AdS space on the gravity side. -In the simplest bottom-up models, the AdS space is cut-off at some 1/z cut-off~ Λ QCD .
• Many ways to do the cut-off -it can be done smoothly, or dynamically.
-Use the dictionary to guess the necessary 5D field contents to model the dynamics one is interested in.
•Erlich et al, PRL95, 5:261602,2005.
•DaRold, Pomarol, Nucl.Phys.B721:7 9-97,2005
Why worry?
• There are well-known issues with this kind of model-building.
-QCD is weakly coupled where it is conformal, and if it has a gravity dual in this regime it should probably be a string theory on a highly curved background.
• No good a priori reason to expect that use of a classical, weakly curved, asymptotically AdS 5D background should be justified.
• The AdS/CFT dictionary is used to dictate field content of the 5D side.
-No good a priori reason to expect the dictionary to work once you do serious violence to the background, and stop working with a CFT. -For instance, in the dictionary masses of 5D fields are set by scaling dimensions of the 4D operators.
• This makes sense in a CFT, but in QCD scaling dimensions are not really well-defined -they run with the renormalization scale.
• QCD has an infinite number of operators with the same quantum numbers. Due to operator mixing and the no obvious suppression scale, not clear how the operators can be matched to fields in a way consistent with QCD.
• These issues of principle are of course well-known, but tend to be ignored.
-Improving on the available constructions is hard. -One might hope that ignoring the issues won't lead to anything too terrible.
• People generally try to construct simple models and see what happens.
-Even very simple holographic models appear to produce good matches to phenomenology.
• Can predict meson spectra, coupling and decay constants to about 15%.
-Perhaps the ad hoc approximations necessary to construct the models are more reliable than they may seem?
• But if the assumptions aren't tested, there's risk of some unexpected trouble…
• It is important to see whether there is anything in the models that can probe their consistency and the reliability of the assumptions necessary to construct them! -It turns out that the treatment of chiral symmetry breaking is a good probe for the consistency of the models. -We will work in a very simple holographic model, but the results apply quite generally to the models on the market. model.
• Use a cut-off AdS 5 as the higher-dimensional background of the dual of QCD. • This is clearly a drastic oversimplification, but does not essentially affect the issue we will focus on, and makes computations straightforward.
( )
A simple hard-wall holographic model.
• In chiral limit, QCD has an SU(N f ) L xSU(N f ) R global flavor symmetry, with corresponding conserved currents. The symmetry is spontaneously broken at low energies by a VEV of the operator .
-We will work at N f =2.
• Choose a minimal set of 5D fields to encode these features: • Choose simple 5D action, with minimal coupling:
Where Need to know 5D gauge field strength g 5 to use the model!
Matching g 5 to QCD
• The model parameter g 5 can be matched to QCD.
• Standard approach is to compute the vector two-point correlation function in the holographic model, and also in QCD, matching g 5 to QCD at z=0.
-This corresponds to the UV in QCD, where QCD is tractable.
• Work in classical supergravity approximation in the bulk.
-To compute two-point function for vector current:
• Need to evaluate 5D action on classical solutions of bulk equation of motion for fields corresponding to the vector currents.
• Then take two derivatives with respect to the z=0 sources to get the correlation function.
• Vector (V=A L +A R ) two-point correlation function is
• Near the z=0 boundary, the model yields
• Can compare this to the QCD result for high q 2 and µ 2 :
• Matching then gives ( ) • However, spontaneous chiral symmetry breaking is a key feature of low-energy QCD.
-The a 1 axial vector mesons are split from the ρ's by a VEV of the operator , for instance.
• If holographic models of QCD for low-energy observables are to be useful, there must be a way to model chiral symmetry breaking on the 5D side.
-The bulk field φ is dual to . How does it encode chiral symmetry breaking? • There's a minor (but important) subtlety with this that is not always appreciated.
-In field theory with source J and operator O, there is always freedom to take where a is some normalization constant, so that JO is fixed.
• In the AdS/CFT prescription, this gives
• Turns out to be important for holographic models, which usually implicitly take a=1. • Specialize to our case, with ∆=3, keeping a explicit. Recalling
• We can solve the EoM for φ for 4D momentum q 2 =0, and find
• The chiral condensate σ~N c , but the quark mass scales as m q~Nc 0 .
-If a=1, as is usually done in holographic models, incommensurate N c scaling! -Also, it is not hard to show that the ρ-a 1 mass splitting scales as N c 1/6 for a=1.
-N c counting suggests that a~N c 1/2 .
• So the a is important! -Normalization of sources and operators in QCD is N c dependent. -Using Gell-Mann-Oakes-Renner relation , possible to obtain am q .
• But can't get m q or a by themselves! • What about a?
• Follow standard procedure and match to QCD at z=0.
-Compute two-point scalar correlator on holographic side. -Match to QCD at high q 2 and µ 2 .
• Holographic model:
• QCD:
• Implies that ) log( 2 ) 0 ( ) ( • What about the connection to QCD?
-m q is the source of QCD operator .
• Up to normalization a, m q is source of in the model as well.
-In QCD both m q and σ are scale-dependent! -But in the model they appear to be scale-independent!
• Just numbers! -These kinds of issues comes up very frequently in models.
• Models generally taken to be at some 'natural scale'~1 GeV • Parameters matched to data at that chosen scale.
• Does this approach work (or make sense) for holographic models?
Matching to QCD
• What scale does the model seem to correspond to? m q =8.3 MeV -Take average light quark mass at a scale of 2 GeV (m q =4.4±1.5 MeV), and run it down using the RGE.
• At 1 GeV, m q =5.4±2GeV .
• Going down to 1 GeV is not enough -and you can't go further… -It doesn't look like the model is finding its own natural scale in a sensible way.
• In any case, there's a tension between the phenomenological approach above and the structure of holographic models of QCD.
-The entire structure of the models comes from matching to QCD on the z=0 boundary, where QCD is weakly coupled and looks conformal.
• Field content, 5D masses, etc.
-g 5 is matched on the z=0 boundary.
• Matched to QCD at high q 2 and µ 2 .
-a is matched on the z=0 boundary.
-It seems problematic to suddenly decide that the model is only defined at a particular scale ---other than perhaps µ=∞!
• So could the model actually be at a scale of µ=∞?
Matching to QCD
• The normalization parameter a is matched at z=0 in the model to QCD at high q 2 and µ 2 .
-This suggests m q and σ, which are determined using a, should match to QCD in the UV, µ→∞.
• In holographic models, one generally identifies z~1/µ, consistent with µ→∞.
-In QCD standard renormalization group arguments imply that as µ→∞, m q →0 and σ →∞.
• Consistency with QCD then implies that in the model we should have m q =0, and σ →∞ ! • Unfortunately, the phenomenology of the model requires that σ<∞ to get a finite splitting between ρ and a 1 mesons.
• Problem does not go away in chiral limit, since σ still diverges as µ→∞.
Generality of the issue
• The scaling of the chiral condensate is an issue that broadly affects the holographic models of QCD on the market.
-Analysis has been in a very simple-hard wall model. -Models which are modified in the IR (with e.g. dynamical IR cutoffs) have the same general issues with scale dependence.
• Matching is done at z=0, where background remains asymptotically AdS, and one still has to match at µ→∞.
• Incorporating power corrections to the AdS geometry and trying to take into account more terms in the OPE does not help either.
-Matching is still done at z=0, where background is asymptotically AdS.
Is this all obvious?
• Of course, the issue we ran into is not surprising! • The bottom-up holographic models on the market make a number of ad hoc assumptions related to the problem.
• Usually ignoring asymptotic freedom. (Exceptions: Csaki and Reece, Kiritsis et al)
• Ignoring running of QCD coupling and operators.
• No anomalous dimensions.
• Using AdS/CFT dictionary unaltered.
• Scale dependence is essentially ignored in the models. It's not surprising that this can cause problems! "What is to be done?"
• Don't match at z=0. (Nick Evans, Andrew Tedder)
-Pick some UV cut-off scale z UV , and match there.
-The trouble is that this introduces at least one more arbitrary parameter into the problem, and probably more.
• Decreases predictivity of the model! -The UV cutoff seems to be alarmingly low.
• In a soft wall model, best-fit to the ρ spectrum gives a UV cutoff at a scale ~200 MeV. (hep-ph/0609112 ) -This strategy seems to clash somewhat with the general approach of bottom-up holographic models.
• Give up on matching to QCD for the scalar sector entirely.
-Match am q and σ/a to data, but don't match a.
• After all, m q σ is really what is physical, and it is σ/a and not σ separately that controls mass splittings, etc.
-Again, contrary to general approach of the models, and not very satisfying, since it differs from the approach taken to match g 5 .
• Or… try to fix the models! "What is to be done?"
• One would need to modify the models to avoid the issues.
• This is a highly speculative slide -I am playing with ideas on how to do this right now! -have anomalous dimensions that depend on α s (µ).
• This means that to one would need to somehow incorporate a running α s in the models.
-Maybe follow Csaki and Reece and Kiritsis et al, and work with a dilaton-like scalar field d in the bulk with some potential V(d), and take -Then manipulate the potential to match α s from QCD.
-Next, add some fields to the model to model chiral physics, and demand that m q in the model obey the same RGE as m q in QCD, in such a way that m q σ doesn't run with z… 
Conclusions
• Holographic models of QCD require a number of ad hoc assumptions.
-We were interested in probing their reliability and domain validity.
-Looked at the chiral-symmetry breaking implementation in the models.
• We ran into some issues in trying to follow the standard procedures and matching the models to QCD at the z=0 brane.
-Found an extra parameter in the models that is essential to getting a sensible match to large N c QCD. -m q and σ run in QCD, and the standard matching procedure gives worrisome results if one takes them seriously. -Explicit example of what goes wrong as a result of some of the standard ad hoc assumptions,
• One might have hoped that these wouldn't cause too much trouble, since the phenomenology seems so nice…
• These issues make clear that something should be done to better treat scale dependence in holographic models of QCD.
